Introduction
Rice is one of the most important food crops in the world, being the staple food for almost half of the world population. The genus Oryza consists of 2 cultivated species and 21 wild species (Khush 1997) , which can be classified into several complexes according to their genome groups. Asian cultivated rice (Oryza sativa L.), African cultivated rice (Oryza glaberrima Steud.) and six wild species (including O. rufipogon Griff., O. nivara Sharma et Shastry, O. barthii A. Chev, O. longistaminata A. Chev. et Roehr., O. glumaepatula Steud. and O. meridionalis Ng) are categorized as AA genome species. Gene transfer from wild AA genome species into cultivated species can be accomplished through conventional cross-breeding and backcrossing, although various kinds of reproductive barriers may interfere. Oryza rufipogon and O. barthii are considered to be the closest relatives to the ancestors of O. sativa and O. glaberrima, respectively. Several studies have been conducted to develop and exploit the genetic resources of the wild AA genome species and some useful genes have been introgressed into cultivated rice through interspecific hybridization (Khush 1997) .
In rice, the term of "introgression lines" (ILs) is used to refer to a distinct population that carries the entire donor genome of other species within a uniform genetic background (Doi et al. 2008) . Thus, the term of ILs is synonymous with chromosome-segment-substitution lines (CSSLs). Because of the uniform genetic background, ILs and CSSLs become useful experimental materials for genetic analysis and molecular breeding, and can be used to evaluate gene action (Yano et al. 2001) . Near-isogenic lines (NILs) can be rapidly developed through one or two backcrossings of ILs and marker-assisted selection (MAS) after a gene or a quantitative trait locus (QTL) has been identified. In addition, advanced backcross populations of ILs for a certain target gene can be the source of a segregating population that can be used for high-resolution mapping. The use of exotic germplasm is expected to extend the available genetic variation in cultivated plants. Recently, several IL populations in the O. sativa background have been developed using foreign AA genome species as donors (Ahn et al. 2002 , Brondani et al. 2002 , Doi et al. 1997 , Li et al. 2005 , Tan et al. 2007 , Tian et al. 2006 .
The wild species O. glumaepatula is distributed in central and south America and the Caribbean and differs from cultivated rice, O. sativa in morphology, environmental adaptability and growth habit (Vaughan 1989) . Accessions found in the Amazon basin are adapted to flooded conditions (Akimoto et al. 1998) . Another wild species Oryza meridionalis Ng is found in northern Australia at the edges of freshwater lagoons, temporary pools and swamps, and grows in 15 to 20 cm of water (Vaughan 1994 
Materials and Methods

Plant materials and population development
To generate the GLU-ILs and MER-ILs, we used O. glumaepatula (accession number IRGC105668) from Brazil and O. meridionalis (accession number W1625) from Australia as donor parents, and continuously backcrossed F 1 plants (IRGC105668/T65, T65/IRGC105668, W1625/T65 and T65/W1625) with the recurrent parent Taichung 65 (T65 hereafter; O. sativa L. ssp. japonica), selecting by MAS based on restriction fragment length polymorphisms (RFLP) markers and simple sequence repeats (SSR) markers (Fig. 1) .
To develop the ILs, we backcrossed without MAS until BC 3 F 1 for the GLU-ILs and until BC 4 F 1 for the MER-ILs. Using RFLP markers that covered the entire donor genome, we performed MAS to select candidate plants in BC 3 F 1 and BC 4 F 1 for GLU-ILs and in BC 4 F 1 for MER-ILs. To obtain fixed lines, we performed MAS for the GLU-ILs in the selfpollinated progeny BC 4 F 2 , BC 4 F 6 , and BC 4 F 7 , and for the MER-ILs in BC 4 F 2 and BC 4 F 3 , using the RFLP markers and the SSR markers shown in Supplemental Tables 1 and 2. DNA extraction and genotyping using RFLP and SSR markers Genomic DNA for the RFLP analysis was extracted from the frozen leaf samples by using the cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson 1980) . Extracted DNA (2.0 µg) was digested with the restriction enzymes BglII, DraI, EcoRV, HindIII and KpnI; was separated by electrophoresis in 0.8% agarose gels; and was blotted onto Hybond-N + membranes (GE Healthcare, Little Chalfont, Buckinghamshire, UK) by means of capillary transfer mediated by 0.4 M NaOH. Blotted membranes were rinsed in 2× sodium saline citrate (SSC), and were then dried and baked at 120°C for 20 min. DNA clones previously mapped by Tsunematsu et al. (1996) and Harushima et al. (1998) were used. DNA labeling, hybridization and signal detection were conducted with the ECL detection system (GE Healthcare).
Genomic DNA for SSR analysis was extracted from freeze-dried leaf samples according to the method of Dellaporta et al. (1983) , with minor modifications. The polymerase chain reaction (PCR) analysis was performed in a 15-µL reaction mixture containing 50 mM KCl, 10 mM Tris-HCl (pH 9.0), 1.5 mM MgCl 2 , 200 µM of each dNTP, 0.2 µM of each primer, 0.75 U Taq polymerase (Takara, Otsu, Japan), and approximately 25 ng of template DNA in a GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA, USA). The PCR program used was 95°C for 5 min for initial denaturation, followed by 35 cycles at 95°C for 30 s, 55°C for 30 s and 72°C for 30 s, with no final extension. PCR products were run in 4% agarose gels (Agarose HT; Amresco Inc., Solon, OH, USA) in 0.5× Tris-borate-EDTA (TBE) buffer.
Estimations of donor genomic constitution in ILs
In the final selection to obtain fixes ILs, we used 102 and 99 SSR markers (McCouch et al. 2002 , Temnykh et al. 2001 for the development for GLU-ILs and MER-ILs, respectively (Supplemental Tables 1 and 2 ). We estimated the proportion of donor genome introgression in the ILs from the number of SSR markers and the genomic sequence size. We calculated the marker-based value by dividing the total number of SSR markers for the donor genotype that were present in the ILs by the total number of SSR markers used for the SSR genotyping. We calculated the total introgressed genomic sequence size of the donor segments in the ILs by simply summing the genomic sequence size of the intervals between adjacent markers that showed donor introgression. We determined the position of the SSR markers in the rice genome by means of a homology search using the BLAST algorithm against IRGSP pseudomolecules (build 5, http:// rapdb.dna.affrc.go.jp/download/index.html).
Results
All of the F 1 plants derived from the crosses of IRGC105668 (O. glumaepatula) × T65, T65 × IRGC105668, W1625 (O. meridionalis) × T65, and T65 × W1625 showed complete pollen sterility, but subsequent backcrossing with T65 as the pollen parent was successful because the F 1 plants retained female fertility.
To develop the GLU-ILs, we continuously backcrossed the F 1 plants from the reciprocal crosses between O. glumaepatula and T65 with T65 to generate the BC 4 F 1 populations (Fig. 1A) (Fig. 1A) . The graphical genotypes of all of the chromosomes of the GLU-ILs[GLU] and GLUILs[T65] are shown in Fig. 2A and 2B , respectively. The overlapping segments in both ILs covered most of the O. glumaepatula genome, except for 12 missing regions on chromosomes 1, 2, 5, 6, 7 and 12 (indicated with arrows in Fig. 2) . O. glumaepatula genotypes were observed at the locus of RFLP marker C1115 of chromosome 8 in most of lines of GLU-ILs [GLU] . This region at C1115 involved hybrid weakness restoration (Rhw) locus .
To develop the MER-ILs, we continuously backcrossed the F 1 plants from the reciprocal crosses between O. meridionalis and T65 with T65 to generate the BC 4 F 1 populations (Fig. 1B) (Fig. 1B) . The graphical genotypes of all of the chromosomes of MER-ILs[MER] and MER-ILs[T65] are shown in Fig. 3A and Fig. 3B , respectively. Most parts of the O. meridionalis donor genome were covered, except for one region on chromosome 6 (indicated with an arrow in Fig. 3 ).
Evaluation of donor genomic constitution of IL population
The GLU-ILs possessed 1 to 7 introgressed segments per line, with an average of 2.8. The MER-ILs possessed 1 to 4 introgressed segments per line, with an average of 1.7. We estimated the donor genome coverage of the ILs from the number of SSR markers that showed donor introgression and the size of the intervals between such markers. The GLU-ILs showed 89.2% coverage based on SSR markers and 79.5% coverage based on genomic sequence size. The MER-ILs showed 98.0% coverage based on SSR markers and 81.5% coverage based on genomic sequence size.
Discussion
Research efforts in molecular-marker-assisted genetic analysis are being directed to identifying genes/QTLs. Molecular markers are used in mapping populations derived from distantly related crosses and many QTLs are ordinarily detected in the mapping populations. However, QTL mapping based on conventional populations such as F 2 , BC 1 F 1 , or recombinant inbred lines makes it difficult to precisely evaluate the phenotypic effect of each QTL. In other words, the accuracy of the QTL analysis is limited by noise caused by environmental variance, even though progeny testing or replication of recombinant inbreds can reduce this noise. Nonetheless, it is difficult to fine-map each of the QTLs in conventional populations. This difficulty can be attributed to the high variation in the mapping populations, especially in distantly related crosses. Concepts such as advanced backcross QTL analysis (Tanksley and Nelson 1996) and IL analysis (Eshed and Zamir 1995) have been proposed to overcome these difficulties. These methods utilize advanced backcrossed progeny (BC 2 , BC 3 and BC 4 ) with a more uniform genetic background. Advanced backcross QTL analysis employs BC 2 F 1 or BC 3 F 1 populations, whereas IL analysis uses lines fixed for each QTL in the background of an elite breeding line, and can produce results more rapidly than conventional methods. ILs are important to precisely evaluate the phenotype of each plant or line, permitting fine mapping of genes and QTLs.
The GLU-ILs and MER-ILs showed various kinds of variation in their agronomic and morphological traits (Sanchez et al. 2000 , 2001 , Sobrizal and Yoshimura 2002a , 2002b , and therefore represent a treasure house of naturally occurring variation. These ILs make it possible to analyze the genetics of the traits and to easily identify each gene or QTL as a single Mendelian factor. Since we used interspecific crosses with wild species as the starting materials for development of the ILs, we focused on analysis of the genetics of traits responsible for reproductive barriers and of domestication-related traits during the development of these ILs. We identified several novel loci or alleles for reproductive barriers (F 1 sterility, hybrid breakdown, and cytoplasmic weakness) and for domestication-related traits (shattering and awn length); Table 1 summarizes these results. Thus far, we have identified four F 1 pollen sterility genes (S22, S23, S27 and S28), one hybrid weakness gene (hwf1), and one hybrid weakness restoration gene (Rhw). In the genetic analysis using hybrid between O. sativa and O. glaberrima, S29 (Hu et al. 2006) and S21 (Doi et al. 1998 (Doi et al. , 1999 has been identified around S22 and S23 region, respectively. Meanwhile, other case of the epistatic interaction between S27 and S28 has not been reported in hybrids between O. sativa and other AA genome species. We also identified eleven genes for domestication-related traits (four for shattering and seven for awn characteristics), because the two wild species, O. glumaepatula and O. meridionalis, are characterized by easy seed-shedding and long awns.
The two sets of ILs with reciprocal cytoplasm from their parents provide an opportunity to compare the effects of cytoplasmic differences. During development of the GLU-ILs, we found a novel system of cytoplasmic and nuclear interaction: cytoplasmic hybrid weakness and a nuclear gene (Rhw) for rescue from the weakness. Hybrid weakness characterized by poor growth and completely sterile panicles was observed only in the GLU-ILs [GLU] , not in the GLUILs[T65]. All of the normal (non-weakness) plants that segregated in the GLU-ILs[GLU] (BC 3 F 1 and BC 4 F 1 ) showed the genotype of an O. glumaepatula heterozygote at RFLP locus C1115 on chromosome 8, but the weakness plants always lacked O. glumaepatula alleles. This breeding behavior in the development of the two sets of GLU-ILs and additional linkage analysis of Rhw demonstrated that the weakness was due to the interaction between the cytoplasm and the T65 nuclear genome around the C1115 locus .
The ILs developed in this study also provide a good source of genetic materials for the analysis of gene interactions by crossing the ILs with each other. For example, Yamagata et al. (2010) used the derivatives of GLUILs[T65] to analyze gene interactions between S27 and S28 for F 1 pollen sterility, and showed an epistatic interaction, gene cloning, and the mechanism responsible for pollen sterility. The gene cloning revealed that epistatic interaction between S27 and S28 is resulted from duplication and reciprocal loss of the genes encoding mitochondrial ribosomal protein L27 (mtRPL27). The mtRPL27 genes at S27-T65 + and S28-glum + are functional whereas S27-glum s and S28-T65 s lost function of the mtRPL27 genes. Pollen grains carrying S27-glum s and S28-T65 s showed pollen sterility in hybrid progeny between T65 and O. glumaepatula. Distribution analysis of the S27-glum s allele in AA genome species demonstrated that gene duplication of mtRPL27 probably occurred before divergence of AA genome species and some accessions of O. barthii and O. longistaminata in the African continent have the causal mutation of S27-glum s . Geographical and phylogenetic distribution of causal alleles provided suggestive information about evolutionary process of S27 during divergence of AA genome speices.
The ILs developed in this study have a uniform (T65) genetic background. The presence of a uniform background in ILs with different introgressed donor segments enables us to investigate differences among alleles from different introgression origins. We previously developed O. glaberrima ILs with a T65 genetic background (Doi et al. 1997) and have developed CSSLs with a T65 genetic background derived from intraspecific crosses between T65 and two indica cultivars (Yasui et al. 2010) . These five IL populations with the uniform T65 genetic backgrounds will be very useful in comparisons of alleles with different origins.
Seeds of the ILs can be obtained from the Plant Breeding Laboratory, Faculty of Agriculture, Kyushu University, and related information is accessible in the Oryzabase (http:// www.shigen.nig.ac.jp/rice/oryzabase/top/top.jsp).
